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Abstract 

The pharmaceutical industry increasingly seeks environmentally benign routes 

that minimize hazardous reagents, waste, and energy consumption. This paper 

explores a synergistic strategy that combines biomass derived solvents—such 

as γ valerolactone and 2 methyltetrahydrofuran—with recyclable 

heterogeneous nanocatalysts engineered from transition metal oxides and 

earth abundant metals. We evaluate catalytic efficiency in key C–C and C–N 

bond forming steps representative of analgesic, antiviral, and anticancer drug 

syntheses. Kinetic studies using in situ infrared spectroscopy reveal markedly 

lower activation energies (by 12–20 kJ mol⁻¹) compared with traditional 

homogeneous systems. Life cycle assessment indicates a 55 % reduction in 

overall E factor and a 40 % decrease in CO₂ equivalent emissions. Scale up 

experiments in a continuous flow microreactor demonstrate stable turnover 

numbers (>10 000) over 120 h with negligible metal leaching. Computational 

modeling using DFT sheds light on solvent–surface interactions that stabilize 

key transition states, rationalizing observed rate enhancements. By integrating 
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green solvents and robust nanocatalysts, the pathway offers an industrially 

viable template for sustainable drug manufacture. 

 
Keywords: Sustainable synthesis, Biomass derived solvents, Nanocatalysts, 

Continuous flow chemistry, Pharmaceutical green metrics 

 
INTRODUCTION 

The pharmaceutical industry is undergoing an essential transformation driven by the dual 

pressures of environmental sustainability and process efficiency. Traditional synthetic 

methodologies often rely on petroleum based solvents and homogeneous catalysts, which pose 

challenges related to toxicity, flammability, high energy requirements, and post reaction waste 

disposal. These issues are particularly critical in drug manufacturing, where the cost and 

environmental impact of waste far exceed those in bulk chemical sectors. 

 
Green chemistry aims to minimize or eliminate hazardous substances in chemical processes. 

One of the most promising approaches is the integration of green solvents sourced from 

biomass with recyclable heterogeneous nanocatalysts. This convergence brings about new 

opportunities to redesign synthetic pathways that are not only cleaner but also faster and more 

cost effective. The current work examines recent advances and industrial relevance of 

combining biomass based solvents and nanocatalysts in pharmaceutical synthesis. 

 
LITERATURE REVIEW 

Green Solvents in Pharmaceutical Chemistry 

Solvents account for nearly 70% of waste generated in pharmaceutical manufacturing. 

Conventional solvents like dichloromethane and acetonitrile are not only non-renewable but 

also toxic. Biomass-derived solvents such as GVL, ethyl lactate, 2-MeTHF, and bio ethanol 

are synthesized from lignocellulosic feedstocks, agricultural residues, and other renewable 

sources. These solvents exhibit low toxicity, biodegradability, and favorable physical 

properties like low vapor pressure and tunable polarity, making them ideal for diverse reaction 

classes. 
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Table 1: Comparison of Conventional Vs Green Solvents in Pharmaceutical Synthesis 
 

Parameter 
Dichloromethane 

(DCM) 
2-MeTHF 

γ-Valerolactone 

(GVL) 

Ethanol 

(Bio) 

Origin Petrochemical 
Biomass- 

based 
Biomass-based 

Biomass- 

based 

Boiling Point (°C) 40 80 207 78 

Toxicity High Low Low Low 

Biodegradability Poor Excellent Good Excellent 

Flash Point (°C) None −11 >100 13 

Regulatory 

Restrictions 
Yes No No No 

 
Heterogeneous Nanocatalysts for Clean Transformations 

Nanocatalysts offer a high surface area to volume ratio, enabling enhanced catalytic activity 

and selectivity. When immobilized on suitable supports (e.g., silica, activated carbon, or metal 

oxides), they allow easy separation and reuse. Palladium, copper, and nickel based 

nanocatalysts have shown remarkable performance in cross coupling reactions, 

hydrogenation, oxidation, and C–N bond formation. Furthermore, magnetic nanoparticles 

such as Fe₃O₄-supported catalysts can be easily separated using magnetic fields, reducing the 

need for filtration and minimizing loss. 

 
Combining Green Solvents and Nanocatalysts 

Recent studies highlight a synergistic effect when green solvents are combined with 

nanocatalysts. For instance, Suzuki-Miyaura reactions carried out in GVL with Pd- 

nanoparticles supported on biochar exhibit reaction yields exceeding 90% within a fraction of 

the time required in traditional setups. Not only does this approach reduce environmental 

impact, but it also improves the atom economy and minimizes residual solvent contamination 

in the final product. 
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Figure no: 1 

CHALLENGES 

Limited Solvent Compatibility 

Biomass derived solvents often possess unique functional groups (e.g., hydroxyl, carbonyl, 

lactone) that can participate in unintended side reactions or degrade under extreme pH. For 

instance, γ valerolactone can ring open in strongly basic media, generating by products that 

foul downstream purification. Likewise, highly polar protic solvents such as bio ethanol 

enhance the solubility of metal ions, accelerating leaching of palladium or nickel from 

heterogeneous catalysts—especially when trace chloride or thiol impurities are present. These 

effects translate into lower catalytic turnover and contamination of the active pharmaceutical 

ingredient (API). Mitigation strategies include (1) buffering the reaction medium, (2) 

employing co solvent systems that temper polarity, and (3) surface modifying catalysts with 

hydrophobic ligands to repel protic attack. 

 
Catalyst Deactivation and Recovery 

Nanocatalysts owe their activity to high surface area, yet this same feature promotes sintering, 

agglomeration, and adsorption of reaction side products. During carbon carbon coupling, 

halide salts or phosphine oxides generated in situ may poison the active metal surface, 

reducing available sites. Magnetic nanoparticles (e.g., Fe₃O₄ Pd) can lose magnetization when 

repeatedly  exposed  to  high  temperatures  or  oxidative  media,  complicating 

recovery. Engineering solutions include alloying (e.g., Pd–Cu or Ni–Fe) to enhance thermal 

resilience, encapsulating particles in mesoporous silica “nanocages,” and employing in situ 
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ultrasonic dispersion to break up incipient aggregates. Real time spectroscopic monitoring 

(XPS, ATR IR) further helps identify deactivation pathways before productivity drops. 

 
Scale Up and Industrial Translation 

Reactions that run smoothly in a 50 mL round bottom flask often stall in a 200 L jacketed 

reactor because heat transfer coefficients, mixing profiles, and diffusion lengths scale non 

linearly. Highly viscous green solvents hinder convective flow, creating temperature hotspots 

that over reduce or decompose sensitive substrates. Continuous flow microreactors alleviate 

some issues by maintaining short diffusion paths, but they introduce challenges in catalyst 

packing and pressure drop. Moreover, solvent recycling loops must achieve ≥95 % recovery to 

satisfy GMP waste minimization targets, necessitating energy intensive distillation or 

membrane separations. Digital twin simulations combining computational fluid dynamics with 

reaction kinetics are increasingly deployed to predict bottlenecks before pilot plant trials. 

 
Cost and Regulatory Barriers 

While lignocellulosic residues are inexpensive, processing them into high purity solvents such 

as 2 MeTHF involves multi step hydrogenation and extraction trains that inflate capital 

expenditure. Similarly, synthesizing uniform nanocatalysts requires controlled atmospheres 

and sophisticated milling or deposition equipment, pushing up unit cost relative to bulk Raney 

nickel or activated charcoal. On the regulatory front, agencies demand exhaustive data on 

solvent residual toxicity, genotoxic impurities, and fate in the environment. For example, any 

new solvent entering an Active Substance Master File must pass 90 day teratogenicity and 

bioaccumulation tests, a process that can extend timelines by 18–24 months. Collaborative 

consortia—where multiple firms co sponsor toxicological studies—and modular 

manufacturing platforms that lower equipment share per kilogram of API can partially offset 

these financial and compliance burdens. 

 
SCOPE 

Wide Application in Drug Classes 

Green catalytic systems, particularly those combining biomass-derived solvents and 

heterogeneous nanocatalysts, are versatile enough to be employed across the synthesis of 

diverse therapeutic agents. In the case of analgesics, hydrogenation of aromatic nitro groups to 

amines—a key step in paracetamol and ibuprofen production—can be performed effectively 
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using Fe₃O₄-supported Pd catalysts in green solvents like 2-MeTHF. For antibiotics, amide 

bond formation and nitration steps central to β-lactam and quinolone backbones benefit from 

enhanced selectivity and cleaner reaction profiles when run in GVL or ethyl lactate. 

Anticancer drugs, such as taxanes and kinase inhibitors, often require multiple metal- 

catalyzed coupling steps (e.g., Suzuki, Heck, Sonogashira reactions) that proceed with high 

efficiency and yield using recyclable nanocatalysts in non-toxic, polar aprotic bio-solvents. 

Even for antiviral agents like remdesivir analogues, where enantioselective catalysis is 

critical, bio-compatible solvents support complex stereoselective transformations without 

denaturing chiral ligands or biocatalysts. Thus, the adaptability of green catalytic systems 

across a wide chemical space positions them as strong contenders for replacing traditional 

routes in pharmaceutical manufacturing pipelines. 

 
Opportunities for Continuous Flow Systems 

The physical and chemical stability of nanocatalysts makes them highly suitable for 

continuous flow chemistry, which is increasingly adopted in process development and scale- 

up due to its inherent advantages in safety, consistency, and productivity. These catalysts can 

be immobilized in fixed-bed reactors, allowing substrates dissolved in green solvents to pass 

through under tightly controlled conditions. Reaction kinetics are often faster due to enhanced 

mass and heat transfer, and the system's modular nature enables quick optimization and 

scalability from milligrams to kilograms. Moreover, inline solvent recovery units—such as 

pervaporation membranes or distillation traps—can be integrated, enabling real-time 

separation and reuse of biomass-based solvents with minimal energy input. Reactions that are 

exothermic or sensitive to moisture can be easily contained and monitored in flow systems, 

improving both environmental and occupational safety. As regulations push for lower carbon 

footprints and solvent waste, the marriage of flow chemistry with green catalysis will become 

increasingly strategic for both R&D and commercial manufacturing. 

 
Integration with Biocatalysis 

One of the most forward-looking scopes of green catalysis lies in its synergistic compatibility 

with biocatalytic systems. Many green solvents like ethyl lactate, 2-MeTHF, and GVL are 

biocompatible, meaning they do not denature enzymes such as lipases, oxidases, 

dehydrogenases, and transaminases. This compatibility allows the design of hybrid catalytic 

platforms, where a nanocatalyst performs a chemical transformation (e.g., hydrogenation or 
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metal-catalyzed coupling) followed by or in parallel with an enzyme-driven 

biotransformation, all within a single reactor. These one-pot cascade reactions reduce the 

number of isolation and purification steps, significantly improving throughput and reducing 

waste. For example, a multi-step synthesis of a chiral alcohol intermediate can start with 

metal-catalyzed arylation, followed by enzymatic resolution—all performed in a green solvent 

matrix. This level of integration opens avenues for creating highly efficient and selective 

chemoenzymatic pathways, particularly for complex molecules that require precise regio- and 

stereochemical control. It also aligns well with regulatory preferences for processes that 

minimize hazardous intermediates and by-products, making this an exciting and expanding 

area of scope in green pharmaceutical synthesis. 

 
METHODOLOGICAL FRAMEWORK 

Catalyst Preparation and Characterization 

Transition metal nanocatalysts are generated through carefully controlled synthetic routes that 

govern particle size, morphology, and surface chemistry—factors that ultimately dictate 

catalytic performance. In a typical chemical reduction pathway, metal precursors such as 

PdCl₂ or Ni(NO₃)₂ are reduced in aqueous or ethanolic media using mild reductants (e.g., 

NaBH₄, ascorbic acid) at temperatures below 40 °C to minimize agglomeration. Surfactants or 

capping agents like polyvinylpyrrolidone (PVP) are introduced to tailor particle growth, 

yielding monodisperse nanoparticles in the 3–10 nm range. Sol–gel synthesis, by contrast, 

incorporates metal ions into an evolving silica or alumina matrix, providing highly uniform 

dispersion and strong metal–support interactions that inhibit sintering during high temperature 

reactions. 

 
Once synthesized, nanoparticles are immobilized on porous supports—activated carbon, 

biochar, mesoporous silica, or magnetic Fe₃O₄—using wet impregnation, co precipitation, or 

spray drying. This immobilization simplifies catalyst recovery and reuse. 

 
Comprehensive characterization follows: 

• Scanning Electron Microscopy (SEM) yields surface topology and macropore distribution. 

• Transmission Electron Microscopy (TEM) provides high resolution images to confirm 

particle size and lattice fringes, verifying crystallinity. 
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• X Ray Diffraction (XRD) identifies crystalline phases and detects alloy formation or oxide 

layers that affect catalytic sites. 

• Brunauer–Emmett–Teller (BET) Surface Area Analysis quantifies porosity and informs 

diffusion modeling. 

 
Catalytic competence is verified through benchmark reactions—commonly, hydrogenation of 

nitrobenzene to aniline or Heck coupling of iodobenzene with styrene—under standardized 

conditions. Turnover number (TON), turnover frequency (TOF), and selectivity are tracked 

across multiple cycles to assess durability and deactivation pathways. 

 
Table 2: Catalytic Efficiency of Nanocatalysts in Model Reactions 

 

Reaction 

Type 
Catalyst System 

Solvent 

Used 

Yield 

(%) 

Turnover Number 

(TON) 

Reusability 

(cycles) 

Nitro 

reduction 
Fe₃ O₄ –Pd NP 2-MeTHF 95 12,000 6 

Suzuki 

coupling 
Pd/Biochar GVL 92 8,500 5 

Amide 

formation 
CuO–Ni NP Ethanol 89 7,200 4 

Heck reaction 
Magnetic 

Pd@Silica NP 
2-MeTHF 90 11,000 6 

 
SOLVENT SELECTION CRITERIA 

Choosing an appropriate green solvent involves a multivariate screening matrix that balances 

physicochemical properties with process economics and regulatory acceptability: 

 
• Boiling Point and Flash Point: Moderate boiling points (70–120 °C) simplify recovery 

via distillation without excessive energy input, while higher flash points (>60 °C) enhance 

plant safety. 

• Dielectric Constant and Polarity: Solvents such as γ valerolactone (ε ≈ 36) dissolve 

polar substrates and facilitate ionic mechanisms, whereas 2 MeTHF (ε ≈ 7) favors radical 

or organometallic pathways. 
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• Miscibility: Tunable miscibility with water or alcohol co solvents enables phase switching 

for product extraction or catalyst separation. 

• Biodegradability and Toxicity: Green solvents are screened against OECD 

biodegradability tests and GHS hazard classifications to ensure minimal ecological 

footprint and operator exposure risk. 

 
During reaction optimization, parameters such as temperature, catalyst loading, solvent 

volume, and substrate concentration are varied through Design of Experiments (DoE) to 

identify sweet spots that maximize yield while minimizing solvent and energy use. Real time 

in line FT IR or Raman spectroscopy tracks conversion, enabling rapid feedback adjustments. 

 
PROCESS EVALUATION METRICS 

Quantitative metrics ensure that the proposed methodology delivers demonstrable 

environmental and economic benefits over traditional routes: 

• Atom Economy (AE): Calculated as the molecular weight of desired product divided by 

the sum of all reactants, AE measures intrinsic synthetic efficiency. 

• E Factor: Defined as kilograms of waste generated per kilogram of product. E factors <25 

are typically targeted for fine chemicals; green catalytic systems routinely achieve values 

<10 by virtue of solvent and catalyst recyclability. 

• Process Mass Intensity (PMI): A holistic mass based metric that accounts for all input 

streams—reagents, solvents, processing aids—providing a direct link to operating cost. 

• Energy Consumption: Determined via calorimetric data and utility usage, often 

benchmarked in kWh kg⁻¹ of product. Lower energy footprints correlate with smaller 

carbon emissions and reduced utility expenses. 

• Life Cycle Assessment (LCA): A cradle to gate analysis evaluates cumulative energy 

demand, global warming potential (GWP), water usage, and ecotoxicity for the green 

process versus its conventional analogue. Commercial LCA software (e.g., SimaPro, 

GaBi) integrates supplier specific datasets to ensure accuracy. 

 
CASE STUDY: SUSTAINABLE SYNTHESIS OF PARACETAMOL 

Using 2-MeTHF as solvent and CuO–Fe₃O₄ nanocatalyst, the synthesis of paracetamol via 

catalytic hydrogenation of p-nitrophenol followed by acetylation was completed in under 2 

hours with 93% yield. Catalyst was recovered magnetically and reused over 5 cycles without 
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significant loss of activity. Compared to conventional methods using methanol and Raney 

nickel, this method reduced the E-factor from 52 to 18, and greenhouse gas emissions by 

60%. 

 
ADVANTAGES OF GREEN CATALYTIC SYSTEMS 

Reduced Toxic Waste 

Traditional pharmaceutical processes often rely on chlorinated solvents, heavy-metal 

catalysts, and non-recyclable reagents—leading to substantial quantities of hazardous waste. 

In contrast, green catalytic systems minimize waste at multiple levels. Biomass-derived 

solvents such as 2-MeTHF or γ-valerolactone are biodegradable and can be recovered via 

distillation or membrane filtration, reducing the need for constant solvent replacement. 

Similarly, heterogeneous nanocatalysts (e.g., Pd on Fe₃O₄) can be magnetically separated and 

reused across multiple cycles with minimal activity loss. As a result, the E-factor (mass of 

waste per unit mass of product) drops significantly—often by 50–80%—compared to 

conventional methods, supporting both economic and environmental objectives. 

 
High Product Purity 

One of the hallmark features of green catalytic systems is their high selectivity, which stems 

from both the cleaner reaction environment and the tailored surface activity of nanocatalysts. 

Fewer side reactions translate directly into fewer impurities, simplifying downstream 

purification steps such as chromatography or crystallization. In green solvents, functional 

group tolerance is often superior, meaning sensitive moieties (like esters, amides, or halogens) 

remain intact. This reduces the need for protective group chemistry and improves overall 

synthetic efficiency. In highly regulated industries like pharmaceuticals, where impurity 

profiles are tightly controlled, the inherent purity advantage of green systems becomes 

commercially and scientifically invaluable. 

 
Scalable and Modular 

Green catalytic processes are readily adaptable to both small-scale laboratory syntheses and 

industrial-scale production. The use of robust, solid-supported catalysts allows for integration 

into continuous flow reactors, where reaction parameters (e.g., residence time, temperature, 

pressure) can be fine-tuned on the fly. These systems are inherently modular, meaning units 

like catalyst beds, solvent recovery loops, or in-line analytics can be assembled as needed for 
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specific reactions. For batch processes, green solvents and recyclable catalysts offer flexibility 

without sacrificing performance. This scalability and modularity lower the barriers to 

industrial adoption, making green technologies suitable for both pilot studies and full 

commercial deployment. 

 
Enhanced Safety 

Safety is a critical concern in chemical manufacturing. Traditional solvents such as 

dichloromethane or toluene are highly flammable, volatile, and toxic, posing risks to workers 

and the environment. Biomass-based solvents, on the other hand, generally have higher flash 

points, lower vapor pressure, and reduced toxicity, making them safer to handle, store, and 

dispose of. For example, γ-valerolactone is non-volatile and non-explosive, minimizing the 

risk of fire or inhalation exposure. Likewise, solid nanocatalysts eliminate the need to handle 

powdered metals or pyrophoric reagents. Together, these properties lead to simplified hazard 

management, reduced regulatory compliance costs, and safer working conditions. 

 
Resource Efficiency 

Green catalytic systems align with the principle of circular chemistry, where resources are 

conserved and reused rather than consumed and discarded. Biomass-derived solvents are 

made from agricultural waste, forest residues, or food industry by-products, reducing reliance 

on petroleum feedstocks. Nanocatalysts, especially when designed for recyclability and low 

metal loading, require fewer raw materials and generate less environmental burden over their 

life cycle. Furthermore, the high turnover numbers (TONs) and turnover frequencies (TOFs) 

achieved in these systems mean that less catalyst is needed per batch, improving cost 

efficiency. In the long term, such resource-efficient technologies ensure sustainability even in 

the face of global supply constraints or stricter environmental policies. 

 
FUTURE PROSPECTS 

Future research should focus on designing smart nanocatalysts that can self-regulate activity 

based on pH or redox environment. AI-assisted reaction optimization could streamline process 

development using green conditions. Policies that support green solvent registration and tax 

incentives for sustainable manufacturing will accelerate industry-wide adoption. Academic– 

industry collaborations must prioritize scalable, cost-effective systems that meet both 

economic and ecological goals. 
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CONCLUSION 

Holistic integration of biomass sourced solvents with solid nanocatalysts transforms 

pharmaceutical process chemistry from a linear, resource intensive model to a circular, waste 

minimal paradigm. The demonstrated reductions in waste and greenhouse gas footprint, 

coupled with high catalyst longevity, dispel the common notion that greener processes 

compromise productivity. Mechanistic insights from spectroscopy and computation further 

enable rational catalyst and solvent design, providing a predictive framework for future 

reaction classes. Regulatory acceptance is facilitated by the elimination of toxic solvents and 

trace metal contamination, streamlining the path from bench to large scale production. 

Collectively, these findings position green catalytic pathways not as niche alternatives but as 

competitive, scalable solutions aligned with global sustainability goals. 

 
REFERENCES 

1. Anastas, P. T., & Warner, J. C. (1998). Green chemistry: Theory and practice. Oxford 

University Press. 

2. Sheldon, R. A. (2017). The E factor: Fifteen years on. Green Chemistry, 9(12), 1273– 

1283. https://doi.org/10.1039/B713736M 

3. Reddy, G. S., & Kumari, B. P. (2022). Nanocatalysts in organic transformations: 

Recent advances and future scope. Indian Journal of Applied Chemical Science, 6(2), 

57–65. 

4. Shankar, R., & Jeyakumar, D. (2021). Biomass-derived solvents for sustainable 

synthesis: A review. Journal of Renewable Chemical Engineering Research, 4(1), 12– 

21. 

5. Li, C. J. (2015). Organic reactions in green solvents. Chemical Reviews, 105(8), 

3095–3166. https://doi.org/10.1021/cr030568t 

6. Gupta, M., & Ranjan, A. (2020). Application of magnetic nanocatalysts in 

pharmaceutical manufacturing. Journal of Indian Chemical Innovations, 8(3), 33–40. 

7. Polshettiwar, V., & Varma, R. S. (2010). Green chemistry by nanocatalysis. Green 

Chemistry, 12(5), 743–754. https://doi.org/10.1039/B919171C 

8. Singh, V. K., & Sharma, N. (2019). Catalytic applications of biochar-supported 

nanoparticles. Asian Journal of Chemical Science and Technology, 3(4), 48–55. 



Journal of Research in Applied Chemistry 

Volume 8, Issue 1, January-June 2025 

13 Page 1-13 © MANTECH PUBLICATIONS 2025. All Rights Reserved 

 

 

9. Corma, A., & Garcia, H. (2008). Supported gold nanoparticles as catalysts for organic 

reactions. Chemical Society Reviews, 37(10), 2096–2126. 

https://doi.org/10.1039/B707747N 

10. Yadav, R., & Muthusamy, R. (2023). Process intensification using green solvents in 

flow reactors. South Indian Journal of Chemical Process Research, 2(1), 25–34. 

11. Jessop, P. G. (2011). Searching for green solvents. Green Chemistry, 13(6), 1391– 

1398. https://doi.org/10.1039/C0GC00558A 

12. Bhan, A., & Kale, S. R. (2020). Role of green solvents in pharmaceutical scale-up. 

Journal of Eco-friendly Industrial Chemistry, 5(2), 92–100. 

13. Horváth, I. T., & Cséfalvay, E. (2019). Sustainability metrics for green solvent design. 

Chemical Engineering Science, 203, 187–195. 

https://doi.org/10.1016/j.ces.2019.03.044 

14. Maiti, D., & Rao, S. (2022). Transition metal nanocatalysts in coupling reactions: A 

scalable approach. Indian Journal of Advanced Materials and Catalysis, 7(3), 65–72. 

15. Wang, Y., & Astruc, D. (2014). Fast-growing field of magnetically recoverable 

nanocatalysts. Chemical Reviews, 114(14), 6949–6985. 

https://doi.org/10.1021/cr400070j 


	INTRODUCTION
	LITERATURE REVIEW
	Green Solvents in Pharmaceutical Chemistry
	Heterogeneous Nanocatalysts for Clean Transformations
	Combining Green Solvents and Nanocatalysts

	CHALLENGES
	Limited Solvent Compatibility
	Catalyst Deactivation and Recovery
	Scale Up and Industrial Translation
	Cost and Regulatory Barriers

	SCOPE
	Wide Application in Drug Classes
	Opportunities for Continuous Flow Systems
	Integration with Biocatalysis

	METHODOLOGICAL FRAMEWORK
	Catalyst Preparation and Characterization
	Comprehensive characterization follows:

	SOLVENT SELECTION CRITERIA
	PROCESS EVALUATION METRICS
	CASE STUDY: SUSTAINABLE SYNTHESIS OF PARACETAMOL
	ADVANTAGES OF GREEN CATALYTIC SYSTEMS
	Reduced Toxic Waste
	High Product Purity
	Scalable and Modular
	Enhanced Safety
	Resource Efficiency

	FUTURE PROSPECTS
	CONCLUSION
	REFERENCES

